Introduction
[2] Radio astronomy measurements can be strongly impacted by atmospheric effects that below about 1.4 GHz are typically dominated by the Earth's ionosphere. Variations in total electron content (TEC) over different antennas commonly disrupt the phase coherence of large radio interferometers like the Very Large Array (VLA -maximum antenna separation ∼35 km). Consequently, the data must be corrected [Kassim et al., 2007] to recover the cosmic source visibility (amplitude and phase) to permit high angular resolution imaging and accurate radio flux density measurements of cosmic background emitters. At the same time, these corrections can provide a powerful probe about the structure of the regional ionosphere between the interferometer and the distant radio sources. Previous ionospheric studies using the VLA and other radio interferometers have indicated the presence of TIDs of various scales and smaller scale structures due to the plasmasphere [Mercier, 1986; Jacobson and Erickson, 1992a , 1992b , 1993 Kassim, 2007] . The next generation large, low frequency radio interferometers (e.g., the LWA: http://lwa.unm.edu and LOFAR: http://www.lofar. org) will be much larger (>100 km) and more sensitive (e.g., MWA: http://www.haystack.mit.edu/ast/arrays/mwa/index.html) than the VLA and will provide exciting opportunities for ionospheric research on the regional level if the ionospheric effects can be effectively modeled and understood.
[3] Previous Medium-Scale TID (MSTID) studies in the southwestern United States using the VLA, a satellite-radio beacon interferometer, and the GPS network have shown that nighttime MSTID propagation is typically toward the southwest at speeds between 50 to >300 m s , with wavelengths of 200-250 km, and periods of 10s of minutes Erickson, 1992a, 1992b; Jacobson et al., 1995; Afraimovich et al., 2003; Kotake et al., 2007; Tsugawa et al., 2007] . The lengths of the wavefronts of MSTIDs were found to be very long ∼2000 km, by Tsugawa et al. [2007] , using the GPS network over the United States. Using a dense array of GPS receivers in the southwestern U.S., Afraimovich et al. [2003] identified a new class of TID, the Traveling Wave Packet TID (TWPTID), which appear as wave packets with sinusoidal modulation and Gaussian envelopes. MSTIDs are known to be generated by gravity waves induced by auroral activity, by wind flow over mountains, jet stream generated turbulence, and by other sources [Schunk and Nagy, 2000] .
[4] The six-satellite Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC/FOMOSAT-3, CF3 in this work) satellite constellation was launched on April 15, 2006 as a joint venture between the United States and the Republic of China (Taiwan) [Anthes et al., 2008] . Each CF3 satellite carries three instruments to study the Earth's ionosphere: the GPS Occultation Experiment (GOX), the Tiny Ionospheric Photometer (TIP), and the Tri-Band Beacon (TBB). The CF3 satellites are a powerful means of studying and specifying the nighttime ionosphere from the global scale down to the regional scale using a combination of the measurements.
[5] The Combined Radio Interferometry and COSMIC Experiment in Tomography (CRICKET) was proposed to perform ionospheric measurements over the VLA and to tie these measurements to the global and regional ionospheric structure determined by tomographic inversion of the CF3 measurements [Dymond et al., 2000 [Dymond et al., , 2009a Dymond and Thomas, 2001] . The goal of the CRICKET campaign was to use the VLA to explore ionospheric phenomena that would affect operation of the Long Wavelength Array (LWA: http:// lwa.unm.edu) radio-interferometer under construction in New Mexico. Epoch 1 of the campaign occurred on September 15, 2007 from 08:00-09:20 UT; the 10.7 cm solar flux was 68.5 × 10 −22 w m −2 Hz −1 and the a p was 3 nT, indicating geomagnetically quiet conditions typical to solar minimum. Preliminary analyses of the data in this work were presented by Dymond et al. [2008] and Watts et al. [2008] . Figure 1a shows the concept for the measurements while Figure 1b shows the VLA configuration and the locations of the TBB receivers. Although the TBB beacon data were gathered, due to a campaign slip the lines-of-sight between the TBB receivers and the CF3 satellite were partially blocked by the VLA antennas rendering the data useless and so this work will concentrate in the GOX, TIP, and VLA measurements. During the campaign MSTIDs were observed with VLA and TIP while the GOX measured the background ionosphere in which the TIDs propagated. Using these measurements, we were able to infer the TEC amplitudes, speeds, wavelengths, and periods of the TIDs and confirm the optical observation of a MSTID from space.
Measurements and Analysis

GOX GPS Occultation
[6] Figure 2a shows the electron density profiles of three widely separated occultations (indicated by the GPS satellite PRN number) produced by Abel inversion of the slant TEC measured by the GOX on CF3 satellite #4; these profiles were downloaded from the COSMIC Data Acquisition and Analysis Center web site (COSMIC Data Acquisition and Analysis Center (CDAAC), September 2007, http://cosmic-io. cosmic.ucar.edu/cdaac/login/cosmic/, accessed 6 June 2008). The shapes of the three profiles are similar and only small density scaling and shifts in altitude are required to get all three profiles to lie on top of each other thus indicating that the background ionosphere was very smooth with low height and density gradients. The profile closest to the VLA was from GPS satellite #19 (see Figure 2b) . The ionospheric parameters from this profile are: F region peak height (hmF2) ∼ 290 km, F region peak density (nmF2) ∼ 1.5 × 10 5 cm −3 , and vertical total electron content (vTEC) ∼2.7 TECU (1 TECU = 10 12 electrons-cm
−2
). The vertical TEC was calculated by vertically integrating the electron density from the profile and converting to TECU. The CF3 satellite passed over western Oklahoma into central Texas during the TIP observations as shown in Figure 2b .
VLA Measurements
[7] During the campaign, the VLA observed at 73.8 MHz in the A-configuration (largest antenna separation ∼35 km, Figure 1b) , with 20 antennas in operation. The VLA observed the ionosphere which was back illuminated by As astrophysical emitters are effectively at infinite distance, the lines-of-sight from individual antennas probe the ionosphere with spatial sampling determined by the projected separation of antennas in the direction of the source. Because the absolute phase of the radio source is not a known quantity, the VLA measured the ionospherically induced phase relative to the antenna nearest the center of the array (W4) at 3 min cadence from 08:00-09:20 UT. The phase measurements are stable to ∼1°corresponding to ∼0.0015 TECU at 73.8 MHz. As the bright radio source dominated the radio flux, the phase differences observed by the VLA antennas were caused primarily by ionospheric plasma lying between the radio source and the VLA antennas. Figure 2c shows the observed phases along the Southwestern arm divided by the baseline length (baseline reduced phases). In ionospheres with linear TEC gradients, the ionospherically induced phase differential is proportional to the baseline length. Wave structures are clearly seen in this plot of phase differences along the Southwest arm. The phase progressions along the North and Southeast arms (not shown) show similar phase structures.
[8] Following Jacobson and Erickson [1992a] , the relative VLA antenna phases between 8.2 and 9.0 UT (∼48 min duration) were fit to extract plane wave TID solutions. In an attempt to reduce the effects of phase contamination by weaker secondary radio sources in the radio telescope's fields-of-view (∼12°at 74 MHz), the phases were averaged along all of the interferometer baselines, using the method suggested by Jacobson and Erickson [1992a] . The Jacobson and Erickson method takes advantage of phase closure between groups of antennas to average out the secondary source contributions. Phase closure states that the sum of the phase differences when a closed loop is traversed among antenna groups is 0°, modulo 360°. The phases are averaged using the formula taken from the work of Jacobson and Erickson [1992a] , viz:
where F mn indicates the measured phase difference (including the ionospherically induced phase and the secondary source phase) between antennas m and n and the h i indicates the average. Jacobson and Erickson show that the secondary source contributions to the phase tend to average out leaving only the ionospheric contribution. After phase averaging, the phase progressions were Fourier transformed in the time domain. Then, at each temporal frequency f, the antenna phases were fit with a plane wave model and at each frequency the wave amplitude, wavelength, direction of travel (azimuth) and phase speed were retrieved. So that confidence limits could be established for the detection of a given wave, the error bars for the Fourier transforms were calculated using the known phase measurement errors (∼1.5°) and standard propagation of error formulae [Bevington, 1969] . Thus, the error bars on the phase amplitude could be accurately determined and used in subsequent chi-square fitting to determine the characteristics of the TIDs. The spatial characteristics were determined by fitting the following plane wave model:
where F m f is the amplitude of the antenna phase at temporal frequency f, W is 2p divided by the wave period in minutes, t is the observation time in minutes, t 0 is the start time of the observation,k f is the wave number (2p divided by the wavelength in km -a vector quantity as indicated by the arrow),x is the location of the VLA antenna (a vector quantity), and 8 f is the phase of the wave at t = t 0 . The "^" indicates that the Fourier-transformed relative phase at the antenna is used in the fit. As shown in Table 1 , several plane waves traveling at a variety of speeds and in a variety of directions were detected.
TIP Measurements
[9] The TIP measures the UV radiance at 135.6 nm ( Figure 2d ) which is primarily created by radiative recombination of F region O + ions and electrons to produce atomic oxygen in an excited state that decays with the emission of the photon. A secondary emission source is electron attachment to form O − , which then neutralizes with O + resulting in an excited O atom that radiatively decays. The 135.6 nm emission is essentially optically thin so that the radiance is proportional to the integral over altitude of the volume emission rate, which is proportional to the product of the O + and electron densities. The photochemical processes responsible for the emission are summarized by Meléndez-Alvira et al. [1999] and Tinsley and Bittencourt [1975] ; the reaction rates are those from the work of Meléndez-Alvira et al. [1999] . In the nightglow observations mode, the sensitivity of the TIP instruments ranges from ∼500-1200 ct-s Budzien et al., 2009; Dymond et al., 2009a] so that the statistical uncertainties in the measurements are small, ∼3%. During operations aboard the CF-3 satellites, the TIP instruments change modes to protect them from the bright daytime airglow and to enable nighttime and auroral zone measurements [Budzien et al., 2009] . During the CRICKET observations, the TIP instrument experienced a mode change immediately prior to the observations reported in this work. The instrument changed from pinhole or auroral observation mode to nightglow observation mode, where the instrument is more sensitive. The measurements reported in this work occurred just after the CF3-4 satellite crossed the line-ofsight of the VLA so the TIP and VLA measurements are nearly, but not perfectly, coincident.
[10] We fit the TIP count rates using a model of the 135.6 nm emission which included both sources discussed above. The NRLMSISE-00 [Picone et al., 2002] thermospheric density model was used to estimate the O density needed to calculate the neutralization rate. The fitting procedure assumed that the vertical electron and, via charge neutrality, ion density distri- 
47.7 ± 15.9 0.05 ± 0.005 284.8 ± 39.2 238 ± 8.4 100 ± 33 1266 ± 174 23.8 ± 6.0 0.28 ± 0.03 215.0 ± 2.1 232 ± 0.6 199 ± 25 875 ± 10 15.9 ± 1.3 0.19 ± 0.02 158.1 ± 1.0 242 ± 0.7 166 ± 14 1010 ± 9 13.6 ± 1.0 0.07 ± 0.01 78.7 ± 1.0 223 ± 1.4 96 ± 7 168 ± 2 11.9 ± 0.8 0.14 ± 0.02 178.6 ± 3.4 121 ± 1.0 250 ± 17 233 ± 5 10.6 ± 0.6 0.14 ± 0.02 196.1 ± 2.4 159 ± 1.5 308 ± 17 196 ± 3 a P, wave period; A, wave amplitude; l, wavelength, Az., wave propagation azimuth measured clockwise North through East; v, wave speed; and L, TID wavelength projected onto CF3-4 orbit plane. bution, was that measured by the GOX in the GPS occultation nearest to the VLA (PRN #19). For each pixel of the TIP measurements, the peak electron density, n m F2, was varied to scale the entire electron density profile to match the measurements. The vTEC (vertical TEC) inferred from the TIP data using the fitting procedure is shown in Figure 3b . The vTEC data show a variation that is similar to a Gaussian with a sinusoidal modulation. However, upon closer inspection, the TIP vTEC data show evidence of several wavelengths, which is consistent with some of the wavelengths from our VLA observations when projected to the CF3 orbit plane.
[11] Afraimovich et al.
[2003] identified a new class of TID, the Traveling Wave Packet TID (TWPTID), using a dense array of GPS receivers in the southwestern U.S.. TWPTIDs appear as quasiperiodic wave packets with Gaussian envelopes of width ∼1 h. and sinusoidal modulation at periods of 10-20 min., which suggests they may be associated with acoustic-gravity waves. This type of TID is rare, appearing on 0.1-0.4% of the GPS-receiver links in the Afraimovich et al. study. The VLA analysis indicated the presence of MSTIDs, while the TIP data showed what appeared to be a Gaussian packet shape with wavelike modulation. A spatial Fourier transform of the TIP data shows the presence of three dominant waves (Figure 3a) . When taken together, these observations are similar to a TWPTID. The TIP measurements were fit using an ad hoc superposition of a set of three sine waves modulated by a single Gaussian envelope using a functional form similar to that used by Afraimovich et al.
[2003], viz.:
where TEC i is the TEC at the peak of the Gaussian for each wave, x p is the position of the peak along the orbit plane, x is the distance along the orbit plane, s is the width of the Gaussian, W i is 2p divided by the wave period, k i is 2p divided by the wavelength of the sine wave, 8 i is the phase of the wave at x = 0, and TEC B is a constant TEC background. Because the total duration of the TIP measurements, (t -t 0 ) = 1.5 min., is much less than the periods of the waves observed by the VLA, the first term in the argument of the sine was fixed and captured in the phase. The results of the Gaussian TID fit are shown in Table 2 and the fit to the TIP data is shown as the dashed line Figure 3b ; the agreement between the model and the data is very good.
Results and Discussion
[12] The TID fit to the TIP data included three waves and is in good agreement with the VLA wavelengths of the waves with periods shorter than ∼14 min (Table 1) . To compare the wavelengths of the waves from the TIP and VLA measurements, the waves observed by the VLA were projected onto the CF3 orbit plane, which was at an azimuth of 161°. The fit to the TIP data yielded wavelengths of 239 ± 1 km, 188 ± 5 km, and 162 ± 2 km, while the projected VLA wavelengths are 233 ± 5, 196 ± 3, and 168 ± 2 km. The wavelengths for the three waves are in excellent agreement. The wave speeds derived from the analysis are 250 ± 17, 308 ± 17, and 96 ± 7 m s −1 respectively, which when combined with the wave periods of 11.9 ± 6.3, 10.6 ± 3.5, and 13.6 ± 3.5 min., place these waves in the MSTID class. Adopting the two times the full width at half maximum of the Gaussian modulation of the TID as the total width of the packet, the packet is ∼1078 ± 17 km in reasonable agreement with the Afraimovich et al.
[2003] value of ∼700 km, based on a typical TWPTID duration (∼1 h) and speed of ∼200 m s −1 . While it is unlikely the TID observed by the TIP is a TWPTID because it is best reproduced by a superposition of TIDs, it is interesting that the observed packet width agrees with typical TWPTIDs.
[13] The speeds, wavelengths, periods, and amplitudes of the TIDs seen by the VLA (Table 1) are consistent with previous observations of medium-scale traveling ionospheric disturbances (MSTIDs) Erickson, 1992a, 1992b; Jacobson et al., 1995; Afraimovich et al., 2003; Kotake et al., 2007; Tsugawa et al., 2007] . Although the waves with 23.8, 11.9, and 10.6 min periods have speeds >200 m s −1 and are traveling faster than typical nighttime MSTIDs with speeds of ∼100-150 m/s, they are still moving slower than the speed of sound in the thermosphere (∼ 1 km s −1 ) and are within the speed range associated with MSTIDs [Hocke and Schlegel, 1996] . The wavelengths inferred from the VLA analysis and the wave periods (in the tens of minutes range) suggest these TIDs are driven by acoustic-gravity waves. The amplitudes of the TIDs seen by the VLA are seen to be much lower than those seen near the peak of the MSTIDs observed by the TIP. However, when the amplitudes of the waves seen by the TIP are calculated at the intersection of the VLA's line-of-sight with the CF3 orbit plane (because the TIP and VLA measurement are not perfectly coincident), the TEC amplitudes for the waves with 239, 188, and 162 km wavelengths are 0.14, 0.05, and 0.07 TECU, and are in reasonable agreement with those observed by the VLA, 0.14, 0.14, and 0.07 TECU, at projected wavelengths of 233, 196, and 165 km. [14] The two most intriguing aspects of the TIP MSTID observations (Figure 3 ) are that the modulation does not show both positive and negative TEC excursions about a fixed background, typical of most radio wave observations, and the magnitude of the TEC variations is comparable to the background of ∼2.7 TECU. As shown in Table 2 , the peak amplitudes of the three component waves are 2.1, 0.7, and 1.0 TECU, ∼10 times larger than the TEC amplitudes of the MSTIDs observed by Tsugawa et al. [2007] and the most probable TWPTID amplitude seen by Afraimovich et al. [2003] ; although the latter did observe TEC amplitudes > 1 TECU, more consistent with the TIP measurements. In addition to the TWPTIDs, non-periodic TIDs have been reported having only increases or decreases from the background TEC [Francis, 1975; Titheridge, 1971] . Note that because the VLA measures TEC relative to a reference antenna, which is akin to measuring the spatial derivative of the TEC, the VLA cannot determine if the TEC in an MSTID is only a positive or negative perturbation atop a background.
[15] We performed a quick survey to try to determine where and how the TIDs were generated. MSTIDs are known to be generated by gravity waves induced by auroral activity, wind flow over mountains, jet stream generated turbulence, and by other sources [Schunk and Nagy, 2000] . Auroral activity on Sept. 15, 2007 was low, so we have ruled out generation near the auroral zone as a likely origin. TIDs are frequently observed by the VLA. Some of these waves are likely to be generated locally by wind flow over the mountains of Western New Mexico. Table 1 shows that there are several waves traveling at azimuths from 121 to 243°. However, since the many of the waves are propagating southwesterly and the ionospheric pierce point (∼290 km based on GOX measurements) of the VLA's field-of-view occurred far to the east of the Rocky Mountains, it is unlikely they were generated by mountain waves as this would require eastward or southeastward directions of propagation to be observed by the CF-3 satellite. Maps of the jet stream on September 15 (Figure 4) showed that it was changing rapidly over the central U.S. prior to and during our observations (North America Jet Stream Map Archive, California Regional Weather Server, San Francisco State University, September 2007, http://virga.sfsu.edu/pub/jetstream/jetstream/big/0709/, accessed 26 May 2011). At 6 UT on September 15, the southern-most extent of a "u-shaped" bend in the jet stream was located approximately northeastward of New Mexico and Central Texas. That the waves are moving either toward the southwest or the southeast lends credence to the conjecture that the acoustic-gravity waves driving the TIDs may have originated there. We note, however, that previous studies of MSTIDs in the U.S. found the climatology of the nighttime propagation direction tends to peak toward the Southwestern direction Jacobson and Erickson, 1992b] . Additional work is needed to resolve whether the waves were generated by jet stream turbulence or whether they were generated as part of whatever mechanism is driving the MSTID climatology.
[16] Gravity waves and MSTIDs are likely to have complex three-dimensional structure including tilted wavefronts and vertical propagation of the gravity waves [Schunk and Nagy, 2000; Hickey et al., 2010; Hocke and Schlegel, 1996] . While a more detailed analysis of the MSTID/gravity waves reported here would require the three-dimensional modeling and detailed accounting for the passage of the lines-of-sight through the structure, we opted for simpler analyses based upon previously demonstrated methods. The primary goal of this work was to demonstrate the feasibility of observing MSTIDs from space using optical sensors. The feasibility of using satellite-based UV sensors has been demonstrated using the analysis technique of Jacobson and Erickson [1992a] and a variation of the techniques described by Dymond et al. [2000] and Dymond and Thomas [2001] .
Summary and Conclusions
[17] A medium-scale TID with sharing characteristics with the Traveling Wave Packet Traveling Ionospheric Disturbances seen by Afraimovich et al. [2003] and the nonperiodic TIDs observed and reported by Titheridge [1971] was observed during the multi-instrument CRICKET campaign on September 15, 2007 at ∼8:30 UT. The optical characteristics of the observed TID indicated a positive TEC modulation on top of the background TEC, in contrast to most MSTIDs where the TEC perturbation is both positive and negative. Our observations used the instruments on the CF-3 satellite constellation with the VLA radio telescope to infer characteristics consistent with previous observations of MSTIDs and TWPTIDs. This observation of MSTIDs using an optical sensor on a spacebased platform, in addition to another observation of an MSTID from space [Adachi et al., 2011] , lays the groundwork for future global studies of MSTIDs using the CF3 satellites and other planned ultraviolet sensors.
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